Kubokawa. Regulation of an inwardly rectifying K ϩ channel by nitric oxide in cultured human proximal tubule cells.
ϩ channel in cultured human proximal tubule cells, using the cellattached mode of the patch-clamp technique. An inhibitor of NO synthases, N -nitro-L-arginine methyl ester (L-NAME; 100 M), reduced channel activity, which was restored by an NO donor, sodium nitroprusside (SNP; 10 M) or 8-bromo-cGMP (8-BrcGMP; 100 M). However, SNP failed to activate the channel in the presence of an inhibitor of soluble guanylate cyclase, 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (10 M). Similarly, the SNP effect was abolished by a protein kinase G (PKG)-specific inhibitor, KT-5823 (1 M), but not by a protein kinase A-specific inhibitor, KT-5720 (500 nM). Another NO donor, (10 M) , mimicked the SNPinduced channel activation. In contrast to the stimulatory effect of SNP at a low dose (10 M), a higher dose of SNP (1 mM) reduced channel activity, which was not restored by 8-BrcGMP. Recordings of membrane potential with the slow whole cell configuration demonstrated that L-NAME (100 M) and the high dose of SNP (1 mM) depolarized the cell by 10.1 Ϯ 2.6 and 9.2 Ϯ 1.0 mV, respectively, whereas the low dose of SNP (10 M) hyperpolarized it by 7.1 Ϯ 0.7 mV. These results suggested that the endogenous NO would contribute to the maintenance of basal activity of this K ϩ channel and hence the potential formation via a cGMP/PKGdependent mechanism, whereas a high dose of NO impaired channel activity independent of cGMP/PKG-mediated processes. patch-clamp; human kidney; guanosine 3Ј,5Ј-cyclic monophosphate; sodium nitroprusside; protein kinase G NITRIC OXIDE (NO) is a small and ubiquitous molecule in vivo, produced mainly by NO synthase (NOS), which is classified into the following three isoforms: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS) (2, 38) . Many investigators so far reported that NO affected a variety of functions of the kidney, including renal hemodynamics, renin secretion, and tubular transport of solutes and water (15, 37) . Furthermore, all of the three NOS isoforms were detected in the kidney (15, 37) .
S-nitroso-N-acetyl-D,L-penicillamine
We have previously demonstrated that an inwardly rectifying K ϩ channel with inward conductance of ϳ40 pS is the most frequently observed K ϩ channel in cultured human proximal tubule cells under the control condition (29) . The activity of this K ϩ channel was stimulated by protein phosphorylation mediated by protein kinase A (PKA; see Ref. 29) and protein kinase G (PKG; see Ref. 28) . We further confirmed that atrial natriuretic peptide (ANP), which stimulates ANP receptorcoupled guanylate cyclase and hence cGMP synthesis, elevated channel activity through PKG-mediated phosphorylation (28) . Such characteristics are similar to those of the K ϩ channel identified in opossum kidney proximal tubule cells (17, 18) .
NO is another well-known activator of cGMP synthesis, the action of which involves stimulation of cytosolic soluble guanylate cyclase (37, 38) . Thus it is possible that NO would participate in the regulation of this K ϩ channel. Indeed, several investigators reported that NO affected the activity of K ϩ channels in the distal nephron segments, such as cortical collecting duct (21, 22, 27, 35) or thick ascending limb (9, 23) . However, it still remains unknown whether NO would modulate the activity of K ϩ channels in the proximal tubule cells. Although NO has been demonstrated to affect transport of solutes and water in the proximal tubule, its mode of action is a matter of controversy (19) . A study using microperfused rat proximal tubules revealed that an NOS inhibitor suppressed the absorption of Na ϩ and HCO 3 Ϫ , whereas NO donors stimulated it, probably by affecting the apical Na ϩ /H ϩ exchange (33). Furthermore, NOS knockout mice exhibited a defect in the proximal tubular absorption of fluid and HCO 3 Ϫ (34). In contrast, other investigators demonstrated that NO inhibited the apical Na ϩ /H ϩ exchange (32) or the basolateral Na ϩ -K ϩ -ATPase activity (10, 20) . Because the apical Na ϩ entry and basolateral pump activity are closely related to activity of the basolateral K ϩ channel (8, 30, 36) , it is intriguing to examine whether NO modulates the K ϩ channel activity. In this study, we attempted to clarify the involvement of NO action in modulating the K ϩ channel activity in cultured human proximal tubule cells, using the patch-clamp technique.
METHODS
Cell culture. Renal proximal tubule epithelial cells (RPTECs) isolated from the normal kidney of a 31-yr-old woman (strain 5899, lot 8F0690) were purchased from Clonetics (Walkersville, MD). It is guaranteed that Ͼ90% of the cells are positive for ␥-GTP, a marker protein specific to the proximal tubule (11) . These cells were provided as cryopreserved secondary cultures and maintained in the renal epithelial cell growth medium (Clonetics) in a humidified atmosphere of 5% CO 2-95% air at 37°C. In the experiments, the cells were dispersed from 70 to 80% confluence at passages 3-6 with trypsin/EDTA, resuspended in the growth medium, and seeded on collagen-coated coverslips (Iwaki Glass, Tokyo, Japan) in 24 multiwells at a density of 2 ϫ 10 4 cells/well. After 3-7 h of incubation, the coverslips were transferred to an open bath heating chamber (Warner, Hamden, CT).
Solutions. [4,3-a] quinoxalin-1-one (ODQ) were from Cayman (Ann Arbor, MI). A membrane-permeant PKG-specific inhibitor, KT-5823, and a PKAspecific inhibitor, KT-5720, were purchased from Calbiochem (La Jolla, CA). SNAP, ODQ, KT-5823, and KT-5720 were dissolved in DMSO as stock solutions, whereas others were dissolved in water. These stock solutions were diluted with the appropriate amount of the bath solution and added to the bath by hand pipetting. The final concentration of DMSO in the bath ranged from 0.004 to 0.054%, which did not affect channel activity.
Patch-clamp technique. Single channel currents were recorded with cell-attached and inside-out patches applied to the surface membrane of single RPTECs. The pipette holding potential (V p) was set at 0 mV for cell-attached patches and ϩ50 mV for inside-out patches, unless otherwise stated. All patch experiments were performed at 33°C, which was adjusted by a heater platform connected with a controller (TC-324B; Warner). This temperature setting was very suitable for both the gigaseal formation and cell viability. Patch pipettes were fabricated from glass capillaries (Warner), with the resistance ranging from 2 to 4 M⍀ when filled with the pipette solution. Current signals were recorded with a patch-clamp amplifier Axopatch 200B (Axon, Foster City, CA) and stored on a DAT recorder (RD-120TE; TEAC, Tokyo, Japan). The recorded signals were then low-pass filtered (3611 Multifunction Filter; NF electronic instruments, Tokyo, Japan) at 500 Hz and digitized at a rate of 2.5 kHz through an interface (Digidata 1200A; Axon). The acquired data were analyzed with acquisition/ analysis software (pCLAMP6; Axon) on an IBM-compatible personal computer. Current traces of downward deflections represented inward currents. Channel activity was determined by NP o, which was calculated from amplitude histograms as
where N is the maximum number of channels observed in the patch, P o is the open probability, n is the number of channels observed at the same time, and tn is the probability that n channels are simultaneously open. The control values of NPo varied among patches, ranging from 0.15 to 6.12, with an average of 1.57 Ϯ 0.10 (n ϭ 95). Because the values of control NP o include the wide variation, we calculated normalized channel activity (NPo,e/NPo,c) for the convenient evaluation of effects of the substances. NPo,c and NPo,e are the channel activities under control and experimental conditions, respectively. Routinely, we determined NP o,c from a 20-s sampling period just before adding the substance when the steady state lasted for at least 60 s. NP o,e was determined from a 20-s sampling period extracted from the steady state for at least 20 -30 s made by the experimental substance. If the 20-s sampling impaired the precise estimation of NP o because of the baseline drift, a couple of 10-s sampling periods were taken, and the averaged NP o was adopted. In some experiments, membrane potential was recorded, using the slow whole cell configuration. To make this configuration, the very tip of the patch pipette was filled with the pipette solution, and the rest of the pipette was backfilled with that containing 100 g/ml Nystatin (Sigma). Nystatin was dissolved in DMSO as a stock solution of 50 mg/ml and diluted with the pipette solution.
Statistics. Data are expressed as means Ϯ SE from 4 -18 patches. Student's t-test or ANOVA in conjunction with Bonferroni t-test was used for statistical comparisons. A P value Ͻ0.05 was considered to be significant. Figure 1A shows a serial current recording of an inwardly rectifying K ϩ channel in RPTECs, which was obtained using a cell-attached patch under the condition with high-K ϩ bath solution at V p shown on the left of each trace. It is apparent that the amplitude of inward current is larger than that of outward current. Data from four patches were pooled and plotted to draw a current-voltage curve (Fig. 1B) . The inward slope conductance, which was measured between Ϫ90 and Ϫ30 mV of ϪV p , was 42.8 Ϯ 1.1 pS, whereas the outward slope conductance between ϩ30 and ϩ90 mV was 8.5 Ϯ 2.7 pS. These measurements almost fit with the previous results obtained from inside-out patches under the symmetrical high-K ϩ condition (28, 29) . When the bath was replaced with the control solution, the current-voltage curve shifted to the right with the change in reversal potential from ϩ10 to ϩ75 mV (Fig. 1B) .
RESULTS
We first examined the effect of an NOS inhibitor on the activity of this K ϩ channel in cell-attached patches. Figure 2A is a representative current trace in response to a nonselective NOS inhibitor, L-NAME. Addition of L-NAME (100 M) suppressed channel activity ( Fig. 2A) , which was reversed by an NO donor, SNP, at 10 M (Fig. 2B) . Because NO is known to stimulate soluble guanylate cyclase and to elevate the cytosolic cGMP level, the effect of a membrane-permeant cGMP analog, 8-BrcGMP, was also examined in the presence of L-NAME. As shown in Fig. 2C , the channel activity suppressed by L-NAME (100 M) was restored by the subsequent addition of 8-BrcGMP at 100 M. Summarized data are shown in Fig. 2D . L-NAME significantly reduced channel activity to 37.8 Ϯ 8.1% of the control, which was restored to the levels near the initial control values by SNP or 8-BrcGMP. These results strongly suggested that the inhibitory effect of L-NAME would primarily be induced by the depletion of intracellular NO. It was also suggested that the depletion of NO might result in decreased cGMP production.
A specific inhibitor of soluble guanylate cyclase, ODQ (10 M), was also tested. As shown in Fig. 3A , ODQ suppressed channel activity, which could not be reversed by 10 M SNP. In contrast, 8-BrcGMP (100 M) reactivated the channel, even when ODQ was present in the bath (Fig. 3B) . Data on the effects of ODQ are summarized in Fig. 3C . Channel activity was reduced significantly to 23.3 Ϯ 3.5% of the control by ODQ. Because this suppressive effect was reversed by 8-BrcGMP, but not by SNP, it is likely that NO stimulates soluble guanylate cyclase and elevates intracellular cGMP, which leads channel activation.
In the next step, we examined whether the cGMP-dependent action of NO had some relation to PKG-mediated phosphorylation processes. Figure 4A is a representative current trace showing that a PKG-specific inhibitor, KT-5823 (1 M), suppressed channel activity and that 10 M SNP could not reactivate the channel. Figure 4B shows that 100 M 8-BrcGMP also failed to reactivate the channel in the presence of KT-5823 (1 M). As reported previously, PKA-mediated phosphorylation also upregulates this K ϩ channel (29) . In fact, a PKA-specific inhibitor, KT-5720 (500 nM), suppressed channel activity, as shown in Fig. 4C . However, 10 M SNP reactivated the channel in the presence of 500 nM KT-5720 (Fig. 4C ). This is in good agreement with the previous observation that 8-BrcGMP restored the suppressed channel activity by KT-5720 (28) . Summarized data are shown in Fig. 4D . KT-5823 significantly reduced channel activity to 11.7 Ϯ 6.9% of the control. The suppressed level of channel activity lasted after the addition of SNP or 8-BrcGMP. In contrast, the channel activity suppressed by KT-5720 to 29.6 Ϯ 12.1% of the control recovered after the addition of SNP. These results -nitro-L-arginine methyl ester (L-NAME; A) and reactivation of the suppressed channel by either a nitric oxide (NO) donor, sodium nitroprusside (SNP; B), or a membrane-permeant analog of cGMP, 8-bromo-cGMP (8-BrcGMP; C). These traces were obtained from separate cell-attached patches. L-NAME and 8-BrcGMP were used at 100 M. The dose of SNP was 10 M. NPo values calculated from these current traces were 0.77-0.88 for the control, 0 -0.12 for L-NAME, 0.91 for L-NAME ϩ SNP, and 0.78 for L-NAME ϩ 8-BrcGMP. D: summary of the effects of L-NAME alone (n ϭ 18), L-NAME ϩ SNP (n ϭ 5), and L-NAME ϩ 8-BrcGMP (n ϭ 7). NPo,e and NPo,c, channel activities under experimental and control conditions, respectively; N, maximum no. of channels observed in the patch; Po, open probability. **Significantly different (P Ͻ 0.01) compared with respective initial control levels.
indicated that the PKG-mediated, but not PKA-mediated, phosphorylation is indispensable for the NO-induced channel activation.
In another series of experiments, we further examined the stimulatory effects of NO donors on channel activity. As shown in Fig. 5A , SNP added at 10 M to the bath caused a reversible activation of the channel. This effect of 10 M SNP was abolished by the subsequent addition of 1 M KT-5823 (Fig. 5B ). Channel activation with another NO donor, SNAP, used at 10 M was also abolished by 1 M KT-5823 (Fig. 5C ). Data are summarized in Fig. 5D . Both SNP and SNAP alone caused about twofold increases in channel activity compared with the respective controls, which was almost completely abolished by KT-5823. These results again confirmed that the NO-induced activation of the channel is dependent on the PKG-mediated phosphorylation.
In contrast to the stimulatory effect of SNP at 10 M, a higher dose (1 mM) of SNP (high SNP) caused inhibition of channel activity (Fig. 6A) . Addition of 100 M 8-BrcGMP to the bath could not relieve the channel suppression induced by high SNP (Fig. 6B) . Data on the effects of high SNP are summarized in Fig. 6C . Channel activity was reduced significantly to 32.5 Ϯ 5.2% of the control by high SNP. The reduced channel activity continued after addition of 8-BrcGMP, suggesting that high SNP impaired the functions of PKG and/or the channel protein itself. Although current traces are not shown, SNP had no significant effect on channel activity in inside-out patches at 10 M (NP o,e /NP o,c ϭ 0.99 Ϯ 0.04, n ϭ 8) and 1 mM (NP o,e /NP o,c ϭ 0.92 Ϯ 0.14, n ϭ 8).
We previously reported that hANP increased the activity of this K ϩ channel through cGMP/PKG-mediated processes (28) . Although ANP is believed to act on its target cells through activation of particulate guanylate cyclase, a few reports suggest that ANP stimulated NO release from human proximal tubular cells (5, 24) . Therefore, it is possible that the effects of hANP we previously observed were mediated by the NO pathway. To address this issue, the effect of hANP was reevaluated in the presence of L-NAME or ODQ. Channel activity, which was reduced significantly (P Ͻ 0.01) by 100 M L-NAME ( These results indicate that the action of hANP is independent of NO-mediated processes.
Finally, we examined effects of NO reagents on the membrane potential, using the slow whole cell configuration. As ϭ 14) , KT-5823 ϩ SNP (n ϭ 7), KT-5823 ϩ 8-BrcGMP (n ϭ 7), KT-5720 alone (n ϭ 6), and KT-5720 ϩ SNP (n ϭ 6). **Significantly different (P Ͻ 0.01) compared with respective initial control levels.
shown in Fig. 7A , L-NAME added to the bath at 100 M depolarized the cell membrane. In 11 experiments, the membrane potential of Ϫ64.4 Ϯ 1.7 mV in control conditions was depolarized to Ϫ54.3 Ϯ 2.7 mV (depolarization by 10.1 Ϯ 2.6 mV, P Ͻ 0.01). In contrast, SNP of 10 M (low SNP) caused hyperpolarization (Fig. 7B) . The value of membrane potential in control conditions was Ϫ59.4 Ϯ 1.9 mV (n ϭ 9), which was hyperpolarized by low SNP to Ϫ66.5 Ϯ 1.8 mV (hyperpolarization by 7.1 Ϯ 0.7 mV, P Ͻ 0.05). However, high SNP caused depolarization (Fig. 7C) . The value (n ϭ 10) was changed from Ϫ68.0 Ϯ 2.3 to Ϫ58.8 Ϯ 2.5 mV (depolarization by 9.2 Ϯ 1.0 mV, P Ͻ 0.05). In all cases, the membrane potential became almost zero when the control bath solution was replaced with the high-K ϩ solution (Fig. 7, A-C) , indicating that the potential formation would largely be dependent on K ϩ conductance.
DISCUSSION
The present study has revealed that NO modulates the activity of the inwardly rectifying K ϩ channel in cultured human proximal tubule cells. Although many investigators so far reported that NO affected renal tubular functions (15, 37) , including the K ϩ channel activity in the distal nephron segments (9, 21-23, 27, 35) , the mode of NO action on K ϩ channels in proximal tubule cells remained to be elucidated.
Because an NOS inhibitor suppressed the activity of the inwardly rectifying K ϩ channel in RPTECs, it seems likely that the endogenous production of NO in these cells would play a role in the regulation of this channel. The suppressive effect of the NOS inhibitor was reversed by the subsequent addition of an NO donor or 8-BrcGMP. An inhibitor of soluble guanylate cyclase also suppressed channel activity, which was reversed by 8-BrcGMP but not by the NO donor. Furthermore, the stimulatory effects of NO donors were abolished by a PKGspecific inhibitor, but not by a PKA inhibitor. Thus it can be concluded that NO stimulated channel activity through the activation of soluble guanylate cyclase, consequent elevation of intracellular cGMP, and PKG-mediated phosphorylation. Previously, the direct effect of internal SNP on K ϩ channel activity was demonstrated in rat kidney cortical collecting duct (12) . However, we confirmed with inside-out patches that cytoplasmic SNP did not alter the K ϩ channel activity in RPTECs.
Although we did not investigate which NOS isoform(s) would actually be involved, it has been reported that iNOS mRNA was expressed in proximal tubule cells (1, 19, 25) . In contrast to nNOS and eNOS, the activity of iNOS is independent of intracellular Ca 2ϩ , and its mRNA expression is enhanced by lipopolysaccharide or cytokines (19, 37, 38) . Interestingly, several investigators reported that ANP affected NO production probably by modulating expression of iNOS mRNA in human proximal tubule cells (5, 24) or mouse macrophages (13, 14) . However, the present study showed that hANP activated the channel even when the NOS inhibitor or ODQ was present in the bath. Therefore, it is likely that the majority of the stimulatory effect of hANP on channel activity would be independent of the NO pathway under our experimental conditions, even though these observations may not necessarily negate the possible interaction between hANP and NO.
Using the slow whole cell technique, we obtained values of Ϫ76 to Ϫ52 mV for membrane potential in control conditions of RPTECs. The membrane potential became almost zero when the bath was replaced with the high-K ϩ solution. This observation indicates that the cell membrane of RPTECs is highly K ϩ conductive. It is generally accepted that the K ϩ conductance of the cell membrane largely depends on the K ϩ channel activity. Thus the changes in K ϩ channel activity could alter the membrane potential. Indeed, the NOS inhibitor and the high SNP, which reduced channel activity, depolarized the membrane, whereas the low SNP, which stimulated channel activity, hyperpolarized it. However, the relative changes in membrane potential induced by these substances were much smaller than those in single channel activity. One of the plausible explanations for this discrepancy is that other types of K ϩ channels, which are not affected by NO, are involved in formation of the membrane potential. It has recently been reported that another inwardly rectifying K ϩ channel, Kir7.1, was expressed in the human proximal tubule (7). Although Kir7.1 is hardly detectable at the single channel level because of its small conductance (ϳ50 fS; see Ref. 16 ) and the effect of NO on its activity is still unknown, the K ϩ channels with such small conductance may interfere with the changes in the steady-state membrane potential. Further experiments will be necessary to clarify this issue. Anyway, even though the small-conductance K ϩ channels, such as Kir7.1, might be important in maintaining the potential formation, it can be concluded that the membrane potential in RPTECs is modulated, at least in part, by the 40-pS K ϩ channel activity, as observed in this study. It is also conceivable that regulation of membrane potential by several types of K ϩ channels might be beneficial for the fine tuning of cellular functions.
In previous reports, some investigators demonstrated the stimulatory effect of NO on the proximal tubular fluid and Na ϩ transport (3, 33, 34) , whereas others showed the inhibitory effect (10, 20, 32) . The diversity of NO action on the proximal tubular cell might partly be caused by the biphasic action of NO (19, 22) . Our experiments using NO donors have also provided evidence that the effect of NO on channel activity is dose dependently biphasic. Namely, a relatively low dose of NO stimulates the channel activity, whereas a high dose of NO suppresses it. With regard to the NO-induced suppression, some reaction sites after cGMP production would be impaired, since application of 8-BrcGMP could not restore the channel activity. It has been demonstrated that NO reacts not only with soluble guanylate cyclase but also with superoxide (O 2 Ϫ ), the latter forming a potent oxidant, peroxynitrite (OONO Ϫ ), which induces oxidation or thiol nitrosylation of various proteins (4). Although O 2 Ϫ is scavenged by superoxide dismutase (SOD), an excess amount of NO competes with this enzyme for O 2 Ϫ and enhances the formation of OONO Ϫ , impairing protein functions (4). Furthermore, SNP was reported to inhibit SOD (26) . Thus it is likely that the suppressive effect of SNP on channel activity at a high dose involves accelerated formation of OONO Ϫ .
The endogenous NO would not be so high as to induce excessive OONO Ϫ under our experimental conditions, since the low dose of NO donors stimulated the activity of the inwardly rectifying K ϩ channel in RPTECs. The relatively low concentration of endogenous NO would contribute to the maintenance of basal activity of this K ϩ channel. According to the report by Chatterjee et al. (5) , nitrite production in the primary culture of human proximal tubule cells was Ͻ5 nmol⅐mg protein Ϫ1 ⅐24 h Ϫ1 under the basal condition, whereas it exhibited a 10-fold increase after treatment with cytokines. They also demonstrated that the plasma level of nitrite/nitrate significantly increased in rats subjected to bilateral renal ischemia (6) . Therefore, immune-inflammatory responses or some tissue damage might be involved in the NO-mediated modulation of K ϩ channel activity. In relation to this issue, it has been reported that the K ϩ channel blockers, such as tetraethylammonium and glibenclamide, reduced hypoxic injury of the proximal tubule (31) . Although the high concentration of NO would have some toxic effects, as mentioned above (4), it is conceivable that the high NO might also protect the cells from hypoxic injury by inhibiting K ϩ channel activity in proximal tubule cells. Further studies are required to clarify this hypothesis.
In summary, NO affects the activity of an inwardly rectifying K ϩ channel in cultured human proximal tubule cells. The production of NO in these cells would be relatively low under the control condition and involved in the maintenance of basal channel activity through PKG-mediated phosphorylation. In contrast, an excess amount of NO suppresses channel activity by impairing some protein functions, which are independent of the cGMP/PKG pathway.
